The purpose of our study was to evaluate the effect of the addition of Lactobacillus casei and Lactobacillus plantarum to Cheddar cheese on the antioxidant properties during its ripening time and after simulated gastrointestinal conditions. During the whole ripening time, the scavenging of DPPH and hydroxyl radicals both reached their maximum activity at the 16th week, while reducing power activity was reached at the 20th week.
Introduction
Nowadays, people draw more attention to probiotic food for their healthy functions. Probiotics are living microorganisms, which upon ingestion in certain numbers, exert health benefits on the host upon ingestion. [1] Some strains of probiotics have the ability to increase both the safety and the quality of fermented products because they produce various antimicrobial compounds that may prevent the growth of pathogenic and spoilage microorganisms [2, 3] . However, probiotics are pretty sensitive to adverse conditions, and their survival rates are relatively poor in food products [4] . Cheese's compact structure, higher fat content, and lower oxygen content make it a perfect carrier for probiotics application. [5] Numerous researches have indicated the development of probiotic cheeses, including cottage cheese [6] , crescenza cheese [7] , Cheddar cheese [8] , gouda cheese [9] , fresh cheese [10] , semi-hard cheese [11] , and white-brined cheese. [12] Cheddar cheese was selected for this research because of the high popularity of this product [13] . Cheddar cheese is a type of hard cheese characterized by a long ripening period. There is a series of biochemical changes during the cheese ripening period, in which the degradation of protein is the major one. Proteins are degraded by protease and peptidase produced by rennet and starter culture. These peptides not only contribute to the formation of flavor and texture of ripened cheese, but also attain bioactivities in certain time of ripening. [14] A large number of studies have shown that peptides with lower molecular weight are easier to digest than protein and amino acids [15] , and possess bioactive properties, including opioid, immunomodulatory, antibacterial, and antioxidant abilities. [16] [17] [18] [19] Many studies have identified the proteins within the milk as responsible for its antioxidant activity. Casein can produce antioxidant substances under enzymatic hydrolysis, consequently the antioxidant property of cheese during ripening is related to the degradation of casein. In addition, antioxidative peptides are affected by many factors in the gastrointestinal environment. At present, researchers often use the in vitro simulated digestion technique to study the changes in biological activity [20] , but there are nearly no studies on changes of antioxidant peptides in cheese after digestion. So, it is important to study the stability of antioxidant peptides during and after the process of simulated digestion.
This study aimed to evaluate the effect of the addition of probiotics to Cheddar cheese on its antioxidant activity during ripening time and under simulated gastrointestinal conditions. It is important for reasonable evaluation of Cheddar cheese maturity and determination of the best edible period.
Materials and methods

Culture conditions and bacterial strains
Commercial culture (Lactococcus lactis subsp. cremoris and Lactococcus lactis subsp. lactis) was obtained from Chr. Hansen (Chr. Hansen, Bayswater, Victoria, Australia). Probiotic strains of Lactobacillus casei ACCC10171 and Lactobacillus plantarum ACCC10639 were obtained from China Center of Industrial Culture Collection. The Lactobacillus strains were isolated from healthy human intestinal.
Propagation of starter and probiotic organisms
Cheese starter organisms were activated by the method of Liu. [21] The cheese starter organisms were activated by growing at least two times at 30°C overnight in 12% (w/v) sterile reconstituted skim milk (RSM) containing 2% (w/v) glucose and 1.2% (w/v) yeast extract, prior to inoculation (2%, v/v) of the bulk culture in the same medium. The probiotic strains were subcultured (10 μL/mL) two consecutive times at 37°C overnight in 120 mg/mL sterile RSM prior to use as a bulk culture (20 μL/mL).
Cheese manufacture
Cheddar cheeses were manufactured with 15 L of pasteurized milk and 1.5% (v/v) inoculums of the mixed-strain starter culture. The first batch was a control batch containing only starter lactococci (1.5%v/v) (Batch 1), the second batch was made with starter lactococci (1.5%v/v) and Lactobacillus casei (1.2%v/v) (Batch2), the third one with starter lactococci (1.5%v/v) and Lactobacillus plantarum (1.2%v/v) (Batch 3), and the last one with starter lactococci (1.5%v/v), Lactobacillus casei (0.6%v/v), and Lactobacillus plantarum (0.6%v/v) (Batch 4). Cheeses were made on three separate occasions.
Cheese composition
Salt from cheese samples was determined by AOAC 975. 20 (1990) , fat content by AOAC 905.02 (1990), moisture by GB 5009. 3 (2010) , and total protein by AOAC 920. 123 (1990) . A quantity of 10 g of cheese mixed with 6 mL of H 2 O was used to measure pH using a pH meter (Model 8417, Hanna Instruments Pty. Ltd., Singapore). Cheese composition was analyzed after ripening for 36 weeks at 8°C.
Preparation of water-soluble extracts and Gel electrophoresis
Water-soluble extracts (WSE) of cheese were produced according to the method of Gómez-Ruiz, Ramos, and Recio. [22] The extracts were freeze-dried and kept at −20°C. To evaluate the protein hydrolysis profile of each batch ripened after 36 weeks, SDS-PAGE was carried out according to the method described by Wang. [23] Antioxidant activity of WSE Antioxidant activities of cheese WSE were tested by DPPH (2,2-diphenyl-picrylhydrazyl), reducing power and hydroxyl radical-scavenging activity. WSE concentration for reducing power was 15 mg/ mL, while 50 mg/mL was used for other analyses. All experiments were performed in triplicate. Cheese samples for analysis were taken at each week until 36.
Scavenging activity of DPPH free radicals
The method of Shimada, Fujikawa, Yahara, and& Nakamura [24] was used to assess the DPPH free radicals-scavenging ability of WSE from Cheddar cheeses. A quantity of 0.1 mL WSE was added to 3.9 mL 60 µM methanolic solution of DPPH, which was freshly prepared. After reacting at room temperature in the dark for 45 min, the absorbance of the resulting solutions was measured at 517 nm with TU-190C ELISA spectrophotometer. The distilled water was used instead of the WSE sample as a control. DPPH free radicals-scavenging activity was calculated by the following formula:
where A s is the absorbance value of the sample, and A c is the absorbance value of the control group. IC 50 value was the concentration of the sample used to scavenge 50% of the DPPH free radicals.
Reducing power
The method of Duh, Tu, and Yen [25] was used to assess the reducing power. Samples (15 mg mL
, pH 6.6) were mixed with 2.5 mL 10 g/L potassium ferricyanide solution, and the mixture was placed in temperature-controlled water bath of 50°C for 20 min. Trichloroacetic acid (2.5 mL of a 10% solution, w/v) was added to the mixture, and then centrifuged at 3000 g for 10 min. The supernatant obtained (2.5 mL) was mixed with 2.5 mL of distilled water after the addition of 0.5 mL of ferric chloride solution (1%, w/v). The absorbance of the reaction mixture was measured at 700 nm. Butylated hydroxy toluene with the same concentration as samples was used as a positive control. OD value represents the ability of reducing power.
Hydroxyl radical-scavenging activity
Scavenging ability of hydroxyl radical was determined with the method mentioned by Liu. [26] A mixture was made out of 1 mL 1,10-phenanthroline (0.75 mM), 1 mL FeSO 4 (0.75 mM), 1 mL H 2 O 2 (0.01%, v/v),1.5 mL sodium phosphate buffer (0.15 M, pH 7.4), and 1.0 mL sample solution. The mixture was placed at 37°C for 30 min. The absorbance of the mixture was measured at 536 nm.
The scavenging activity on hydroxyl radical % ð Þ¼
where A 0 was the absorbance of the deionized water instead of H 2 O 2 and A c was the absorbance without WSE.
Antioxidant activity after simulated gastrointestinal conditions
The simulated gastrointestinal juice was produced with the method of Mozzi [27] with some modification. The composition of simulated gastric juice consists of KCl (1.12 g/L), NaCl (2.0 g/L), CaCl 2 (0.11 g/L), KH 2 PO 4 (0.4 g/L), and pepsin (0.2 g/L), and was adjusted to pH 2.0 with 1 M HCl. The simulated intestinal juice (1.95 g/L) with trypsin was adjusted to pH 7.0 with 1 M NaHCO 3 . The samples before digestion were prepared as described in "Preparation of WSE." The samples after digestion were prepared according to the method described by Chaves. [28] A quantity of 10 g cheese was placed in conical flask with 100 mL simulated gastric juice and held for 120 min at 37°C. The cheese was digested in the simulated intestinal juice for 4 h in the same way. Each digestive juice was centrifuged at 3000 g for 30 min, then filtered through No. 2 Whatman filter paper. Finally, permeate was freeze-dried and kept at −20°C for further use.
Determination of antioxidant activity after simulated digestion
Antioxidant property was tested as the determination of scavenging of DPPH free radicals. The method used was mentioned before.
Instrumental texture profile analysis (TPA)
Texture parameters of Cheddar cheese were determined using the method of Liu. [21] Samples were analyzed after 36 weeks.
Sensory analysis
The sensory evaluation of four batches was performed according to the method of Toba [29] by 12 professional panelists to assess the cheese by flavor (10 points), appearance (10 points), and texture (10 points). The total points are 10. Each batch was analyzed in triplicate.
Design and statistical analysis
Each experiment was performed in triplicate. Statistical analyses were carried out using General Linear Models procedure in Statistix 8.1 software (Analytical Software, St.Paul, MN, USA). One-way analysis of variance was used to study the differences between means, with a significant level at α = 0.05. All data are presented as mean standard error of means.
Results and discussion
Cheese composition
Changes in composition of all samples stored for 36 weeks at 8°C are shown in Table 1 . The moisture content in cheese of our research (36-39%) was within the typical moisture range for normal Cheddar cheese. [30] The difference of the salt content between cheeses is an indicator of the difficulties in controlling the cheese-making parameters in laboratory scale production. No significant differences were found among each batch of cheese concerning their moisture, fat, protein contents, and pH. The results showed that addition of probiotic bacteria has no influence on the main composition of Cheddar cheese. Similar results were obtained by Ong.
[31]
Gel electrophoresis
The electrophoretic patterns of WSE from each batch are given in Figure 1 . The small molecular stripe of probiotic cheese was markedly lower than that of control cheese, which indicated that the addition of probiotics could promote the degradation of the protein. Similarly, the pattern of Batch 4 was lower than that of Batch 2 or 3. This result may be due to the fact that the addition of a variety of bacteria increased enzyme sites, and further accelerated the hydrolysis of proteins and peptides. [6] Antioxidant activity of WSE Scavenging activity of DPPH radical During the ripening time, scavenging ability of DPPH free radicals increased first, then decreased and finally tended to be gentle, which reached the maximum at 16th weeks (Figure 2) . The values of three probiotic batches were 47.30%, 48.65%, and 51.72%, respectively, which were significantly higher than that in the control (Batch 1) (P < 0.05). And the value of Batch 4 was also significantly higher than that form Batch 2 and Batch 3. At the end of the 36th week, there were significant differences in the control (Batch 1) (35.40%), individual probiotic group (39.40% and 39.42%), and mixed probiotic group (42.19%), respectively (P < 0.05). In each group, the scavenging of DPPH radicals from first 6 weeks showed significant changes (P < 0.05), but not in the last 3 weeks (P> 0.05). The results indicated that with the extension of ripening time, the degree of protein degradation became higher and higher. In the 16th week, some peptides fractions possibly with antioxidant activity may react with free radicals and transform them to more stable substances, which may cause the fractions to become smaller such as amino acids with no antioxidant activity. The Cheddar cheeses manufactured with the addition of probiotics bacteria showed significantly differences compared with the control cheese (P < 0.05). Moreover, mixed probiotic bacteria showed the best activity of DPPH free radicalscavenging. The reason could be that the probiotic bacteria can promote the degradation of protein in Cheddar cheeses, and the mixed probiotic bacterial may have good assistance with each other, as addressed by previous research. [32] Abadía-García [6] has drawn the similar conclusion that adding probiotics with better proteolytic ability could generate potentially bioactive peptides like antioxidant ones. Meanwhile, the minimum IC 50 values (Figure 3 ) displayed in the 16th week of ripening were 10.76, 9.78, 9.88, and 7.76 mg of protein per mL for each batch, respectively and that of the last week were 14.19, 12.77, 12.92, and 10.37, respectively.
Reducing power
The reducing power of the WSE from all cheese samples are given in Figure 4 . The reduction power of the four kinds of cheese increased first over ripening time, which reached the maximum at 20th week, and decreased in next 2 weeks, then tended to be gentle in last 3 weeks. Both in 20th and 36th week, there were significant difference of reducing power among control, individual probiotic, and mixed probiotic cheese (P < 0.05). The result showed that with the degradation of protein, the reducing power of WSE increased, it might be explained by the formation of lower molecular substance with metal chelating activity. [16] Meira [33] suggested that the chelating activity decreased as the hydrolysis time increased. Therefore, the reducing power of each batch did not show obvious changes in the last 3 weeks because of the decreased degree of hydrolysis.
Hydroxyl radical-scavenging activity
Hydroxyl radical could go through cell walls and cell membranes and react with the majority of biomolecules easily, and finally inflict on tissue or lead to the death of the cell itself. [34] So, eliminating hydroxyl radicals is necessary for protecting health. The hydroxyl scavenging ability of the WSE from all samples are depicted in Figure 5 . It can be noticed a similar tendency as that of DPPH radical-scavenging. The activity of hydroxyl free radicals-scavenging in cheese increased significantly in the first 4 weeks (P < 0.05), and reached the maximum of 43.86%, 46.19%, 46.66%, and 47.43%. In the 20th and 24th weeks, all of them show significant decrease (P < 0.05). But in the last 3 weeks, no significant differences were observed (P> 0.05). In the 16th week, there were no significant differences (P> 0.05) between mixed and individual probiotic cheese, however, the value of mixed one was significantly higher than that of control cheese (P < 0.05). Similarly, at the end of ripening, the activity of hydroxyl radicals-scavenging from blank cheese was significantly lower than that from other cheeses (P < 0.05). The different behavior of the same WSE with the two methods assessed can be caused by different structure of the radicals that could react in a diverse way depending on the antioxidant substance present in the WSE. But both experiments indicated that adding probiotics can enhance the activity of scavenging free radicals in cheese, especially mixed probiotics. Tong [35] indicated that the antioxidant property of protein was mainly related to their ability to scavenge radicals, therefore, adding probiotic into cheese could enhance the antioxidant ability.
DPPH radicals-scavenging activity after simulated gastrointestinal conditions Figure 6 indicates that the DPPH free radicals-scavenging of each batch after simulated gastric digestion decreased to 21.24,%, 24.73%, 24.44%, and 27.45, which showed the significant differences (P < 0.05) compared that without digestion (35.40%, 39.40%, 39.42%, and 42.19%). This is consistent with the degradation of β-casein by pepsin studied by Schmelzer. [36] This result may be caused by the degradation of highly bioactive peptides, which prevented their reaction with free radicals. [37] In the process simulated gastric digestion, the DPPH radicals-scavenging activity of cheese with probiotic was significantly higher than that of control (P < 0.05). However, after simulated intestinal digestion, the scavenging of DPPH radicals from all groups (34.37%, 38.47%, 38.61%, and 41.48%) almost returned to the level before digestion without significant difference (P > 0.05). This observation can be explained by the fact that the substance digested by pepsin would break into smaller peptides and amino acid with antioxidant activity due to trypsin and chymotrypsin. Researchers have shown that peptides with low molecular weight exhibited higher antioxidant activity. [38] Similarly, the values of mixed probiotic cheese after simulated intestinal condition weresignificantly higher than that with individual probiotic (P < 0.05), which was also significantly higher than that of control (P < 0.05). 
Instrumental texture profile analysis (TPA)
The texture characteristic is related to the composition, structure, and intermolecular stretching force of cheese, which is also an important indicator of changes during cheese ripening. All measured TPA parameters are given in Table 2 . Compared with the other Cheddar cheese, hardness of control group was significantly higher (P < 0.05). This could be due to the addition of probiotic bacteria, which promoted proteolysis in Cheddar cheeses, producing a large amount of water-soluble substances, and breaking the initial network structure of casein. [39] The Cheddar cheese with two kinds of probiotics was significantly different (P < 0.05) from the blank Cheddar cheese in adhesiveness and springiness, which could have been caused by the addition of probiotics. The cohesiveness of the control was much lower (P < 0.05) than the other batches during ripening. This might be due to less protein degradation, the smaller change of the interactions between proteins, and the remaining of inner bonds in control cheese.
Sensory analysis
Sensory scores of all cheeses ripened at 8°C after 36 weeks are given in Table 3 . No differences were found among the probiotic cheeses, regarding flavour, appearance, and texture, but there was a significant difference (P < 0.05) between control and probiotic cheeses. Probiotic Cheddar cheeses were preferred by the panel, and had higher scores, especially the Cheddar cheese with mixed probiotic bacteria. This could be caused by the higher content of acid in probiotic cheese resulting in more acidic taste and more fragile texture. [40] Considering the positive appreciation by the panel, it can be concluded that Cheddar Cheese is a good carrier for probiotics application, maintaining all desirable sensory characteristics.
Conclusion
Adding adjunct probiotic cultures (Lactobacillus casei and Lactobacillus plantarum) to Cheddar cheese can increase its antioxidant activity during ripening time and after simulated gastrointestinal digestion for promoting the hydrolysis of protein and peptides, especially mixed probiotic bacteria. Results are expressed as mean ± standard error of means; n = 3 sets of data analyzed in duplicate. Means in columns with different small letters are significantly different (P < 0.05). Batch 1: control; Batch 2: Lactobacillus casei; Batch 3: Lactobacillus plantarum; Batch 4: Lactobacillus plantarum and Lactobacillus casei. The DPPH and hydroxyl radicals-scavenging of all batches both reached their maximum activity at the 16th week, and reducing power at the 20th week. In the last 3 weeks, the antioxidant properties did not show significant differences (P < 0.05). Besides, the addition of probiotics had no significant effect on composition, TPA, and sensory analysis of cheese except hardness and bitterness (P < 0.05).
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